When mTOR inhibitor rapalogs prevent cap-dependent translation of cell-cycle proteins like c-myc, continuing tumor cell growth depends on cap-independent translation, which is mediated by internal ribosome entry sites (IRESes) located in the 5 0 -UTR (untranslated region) of transcripts. To investigate if rapalog-induced activation of MNK kinases had a role in such IRES activity, we studied multiple myeloma (MM) cells. Rapamycin (RAP)-activated MNK1 kinase activity in MM cell lines and primary specimens by a mitogen-activated protein kinase-dependent mechanism. Pharmacological inhibition of MNK activity or genetic silencing of MNK1 prevented a rapalog-induced upregulation of c-myc IRES activity. Although RAP, used alone, had little effect on myc protein expression, when combined with a MNK inhibitor, myc protein expression was abrogated. In contrast, there was no inhibition of myc RNA, consistent with an effect on myc translation. In a RAP-resistant MM cell lines as well as a resistant primary MM specimen, co-exposure to a MNK inhibitor or MNK1 knockdown significantly sensitized cells for RAP-induced cytoreduction. Studies in MNK-null murine embryonic fibroblasts additionally supported a role for MNK kinases in RAP-induced myc IRES stimulation. These results indicate that MNK kinase activity has a critical role in the fail-safe mechanism of IRESdependent translation when mTOR is inhibited. As kinase activity also regulated sensitivity to RAP, the data also provide a rationale for therapeutically targeting MNK kinases for combined treatment with mTOR inhibitors.
INTRODUCTION
Previous work in glioblastoma, prostate cancer and multiple myeloma (MM) models demonstrates that sensitivity of tumor cells to rapalog mTOR inhibitors is, at least in part, dependent upon AKT activity. 1 --4 When rapalogs inhibit capdependent translation, tumor cell growth depends on capindependent translation of critical proteins, which is mediated by internal ribosome entry sites (IRESes) in the 5 0 -UTR (untranslated region) of mRNAs. Specifically for D-cyclin and c-myc translation occurring during mTOR inhibition, IRES activity of these transcripts is curtailed by AKT. 5 Thus, hyperactive AKT prevents this fail-safe mechanism of translation and, during mTOR inhibition, cellular levels of cyclin and myc fall precipitously resulting in G1 arrest. In contrast, cells with quiescent AKT activity demonstrate upregulation of cyclin/myc IRES activity upon exposure to rapamycin (RAP) ensuring maintained levels and continual cell-cycle transit.
Our work 5, 6 also demonstrates that both extracellular-signalregulated kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) pathways are critical for this IRES activity observed during mTOR inhibition. The participation of these pathways in myc IRES function had also previously been shown to be operative during genotoxic and apoptotic responses. 7, 8 The mechanism by which these pathways facilitate IRES activity is unknown. However, possible central candidate are the MNK kinases. These signal proteins are downstream target substrates of both the ERK and p38 MAPK pathway. 9 In addition, they are activated secondary to mTOR inhibition. 10 Furthermore, a single report in aplysia neurons demonstrated an elevation of the cap-independent/dependent translation ratio upon MNK overexpression. 11 Finally, the MNK kinases have been reported to induce posttranslational modification of hnRNP A1, 12 a bona fide myc/cyclin IRES-transacting factor (ITAF), which binds to the IRES and enhances its activity. In fact, hnRNP A1 presence is required for myc and D-cyclin IRES activation during mTOR inhibition.
The two major MNK kinases, MNK1 and MNK2, both have MAPK-binding motifs. However, differences in their C-termini result in differential functional responses. MNK1 has low basal activity but can be activated by either p38 or ERK signaling. 9, 13, 14 Activation is associated with phosphorylation in threonine residues in the T activation loop of the kinase. In contrast, MNK2 has high basal activity that does not increase upon activation of MAPKs and ERK/p38 inhibitors do not affect MNK2 activity. 13, 14 MNK kinases are thought to be the only kinases that phosphorylate eIF-4E on S209. 15 To phosphorylate eIF-4E, MNK kinases must first bind to eIF-4G. 16, 17 Interestingly, MNK1/MNK2 knockout mice appear normal, 15 suggesting that the MNKs are critical for stress responses rather than normal basal physiology. In keeping with that theory, MNK-deficient cells are more sensitive to serum starvation. 18 Thus, it seems possible that these kinases could protect the cell from the stress of mTOR inhibition by supporting the remaining mechanism of protein translation occurring through the IRES. We, thus, in the current study, addressed the role of MNK kinase activation in myeloma cells stressed by exposure to RAP.
RESULTS

RAP activates the MNK1 kinase in MM cells through MAPKdependent pathways
The response of MM cells to challenge with mTOR inhibitors is, in part, regulated by IRES activity. For example, D-cyclin translation in RAP-treated MM cells can be maintained by cyclin-D IRES activity, which is promoted by the MAPK ERK pathway. 6 This fail-safe mechanism of cyclin translation affords resistance to RAP-induced G1 arrest. When ERK is inhibited, IRES activity is restricted and, along with reduced cap-dependent translation, cyclin levels rapidly fall and G1 arrest ensues. The c-myc IRES is also a wellcharacterized IRES 19 and its function is specifically upregulated in myeloma cells. 20, 21 Of interest, myc IRES activity is also regulated by both the ERK and p38 MAPK pathways. 5, 7, 8 To test whether myc IRES activity occurring in MM cells during mTOR inhibition was related to MNKs, we first tested the ability of RAP to activate these kinases. ANBL-6, U266 or 8226 MM cell lines were incubated with RAP for 3 h followed by immunoblot assays for expression of phosphorylated MNK. The antibody detects phosphorylated MNK1 as well as MNK2. As shown in Figure 1a , RAP successfully upregulated phosphorylation of MNK in all three cell lines although having no significant effect on total MNK levels. In time course experiments, RAP induced MNK phosphorylation as early as 60 min (Figure 1b ). In addition, the activation of MNK kinases was temporally correlated with enhanced phosphorylation of eIF-4E (Figure 1b) , a substrate of MNKs, 15 suggesting that RAP enhanced kinase activity of MNKs as well as their phosphorylation state.
To further confirm enhanced kinase function and ascertain if MNK1 or MNK2 was being activated, we performed in vitro kinase assays (Figures 1c and d) . MM cells were exposed to dimethyl sulfoxide alone (control) or to RAP at 100 nM. After 1 h, either MNK1 of MNK2 was immunoprecipitated from protein lysates and tested for its ability to phosphorylate eIF-4E in vitro. As shown by immunoblot (Figure 1c) , the immunoprecipitating antibodies were specific for MNK1 or MNK2 without cross reactivity. The immunoprecipitated MNK1 from RAP-treated MM cells demonstrate a significantly increased ability to phosphorylate eIF-4E relative to control cells. In contrast, MNK2 kinase activity was constitutively higher but there was no effect of RAP. A second limited time course experiment (Figure 1d ) further demonstrated the ability of RAP to increase MNK1 kinase activity by 60 min of exposure. These data indicate that RAP primarily stimulates MNK1 kinase activity.
Both ERK and p38 MAPK pathways have been described as potential activators of MNKs. 5, 7, 8 In our MM cell model, RAP activated both pathways, demonstrated by the enhanced phosphorylation of ERK or p38 (Figure 2a) . The effect on ERK peaked at 30 min whereas the effect on p38 lagged behind, occurring sometime between 30 and 60 min. To identify if these pathways mediate MNK1 activation in MM cells, we used inhibitors of the ERK (U0126) or p38 (SB203580) pathways. Specificity of the inhibitors is presented in Figure 2b . As shown, U0126, used at 1 or 10 mM (U1 and U2, respectively), effectively inhibited ERK phosphorylation but had no effect on phosphorylation of hsp27, a p38 MAPK substrate. Conversely, the SB203580 p38 inhibitor used at 12.5 and 25 mM (SB1 and SB2, respectively) successfully inhibited p38-mediated phosphorylation of hsp27 but had no non-specific inhibitory effect on ERK phosphorylation. In RAPstimulated cells, MNK phosphorylation was most inhibited by the p38 inhibitor. Thus, the p38 MAPK stress-activated pathway appears more important in MNK phosphorylation than the ERK pathway, at least in MM cells stressed by RAP exposure. Although these data are consistent with previous reports, 5, 7, 8 indicating MNK kinases are downstream of the p38 pathway, it should be Figure 1 . Activation of MNK kinases in MM cells. (a) MM cell lines exposed to RAP (100 nM) for 3 h followed by immunoblot assay for phospho-MNK (MNK-P) and total-MNK expression. Fold increase is determined by densitometric ratio of MNK-P/MNK-total and represents the mean of three independent experiments. RAP-induced increase was significant (Po0.05) in all three cell lines. (b) ANBL-6 cells exposed to RAP for 0, 60, 120 or 180 min, followed by immunoblot assay for phospho-MNK, total-MNK, phospho-eIF-4E and total-eIF-4E expression. (c) MNK1 or MNK2 immunoprecipitated with anti-MNK1, anti-MNK2 antibodies or non-specific IgG, from control or RAP (100 nM for 60 min)-treated ANBL-6 extracts and tested for ability to phosphorylate eIF-4E in vitro. eIF-4E phosphorylation determined by immunoblot. (d) MNK1 immunoprecipitated from MM cells after 0, 60 or 120 min of exposure to RAP (100 nM) and tested for phosphorylation of eIF-4E in vitro. (a) ANBL-6 MM cells exposed to RAP (100 nM) for 30, 60 or 120 min (C ¼ control, no RAP), followed by immunoblot assay for phospho-ERK, total-ERK, phospho-p38 or total-p38 expression. (b) MM cells pretreated for 30 min with U0126 at 1 or 10 mM (U1 and U2) or SB203580 at 12.5 or 25 mM (SB1 and SB2). RAP then added at 100 nM for additional 3 h and immunoblot assay performed for expression of phospho ERK, total ERK, phospho HSP 27, total HSP-27, phospho MNK, total MNK or GAPDH.
noted that, in lung cancer cells, RAP-induced eIF-4E phosphorylation is relatively unaffected by a p38 inhibitor. 22 MNK inhibition curtails RAP-induced myc IRES activity We initially used the MNK1/MNK2 inhibitor CGP57380 to test effects on IRES activity. Figure 3a demonstrates the ability of CGP to prevent RAP-induced MNK activity as shown by phosphorylation of the eIF-4E MNK substrate. At the lowest concentration (12.5 mM), eIF-4E phosphorylation was decreased by 80% (mean of three separate experiments) whereas it was completely ablated at 25 or 50 mM. At this early time point (3 h), there was no effect of the MNK inhibitor on cell survival. To test effects of the inhibitor on myc IRES activity, MM cells were transfected with either the pRF or pRmF dicistronic reporter constructs as shown in Figure 3b and subsequently treated with RAP ± CGP. The c-myc 5 0 -UTR, containing its IRES, was subcloned into the intracistronic space between the Renilla and firefly (FF) luciferase open reading frames in the pRF vector to yield the pRmF vector. The pRmF reporter's FF luciferase translation is driven by the myc 5 0 -UTR and is a reflection of IRES-dependent, cap-independent translation whereas Renilla expression is because of cap-dependent, IRESindependent translation. Results are normalized for transfection efficiency by co-transfection with a beta-galactosidase construct. A previous study 23 has shown that FF luciferase expression in these MM cells transfected with pRmF is not due to presence of a cryptic promoter in the 5 0 -UTR. In addition, the ANBL-6 maintains a relatively low level of activated AKT allowing significant myc IRES activity. 23 Figure 3c is a representative experiment of four separate experiments, each with identical results. In the absence of RAP, the presence of the myc 5 0 -UTR in the intracistronic space in the pRmF vector increased FF luciferase (black bars) to 4.5 Â fold versus that of the pRF control vector. In contrast, the presence of the 5 0 -UTR had no effect on Renilla expression. RAP exposure significantly stimulated IRES activity as the increase in FF expression because of the myc 5 0 -UTR was now 9.3 Â fold versus that of the pRF vector in RAP-treated cells. This approximate 2 Â fold increase in IRES activity was consistent across all four experiments (mean increase of 2.3±0.5, mean±s.d.) and was statistically significant at the Po0.05 level. It is difficult to discern in Figure 3c , but RAP had a modest inhibitory effect on Renilla luciferase activity with an B25% reduction. In RAP-stressed MM cells, the addition of the CGP MNK inhibitor had a concentration-dependent inhibitory effect on IRES activity assayed by FF luciferase expression. This was statistically significant (Po0.05) at all CGP concentrations. In contrast, the inhibitor had less of an effect on myc IRES activity (FF luciferase expression) in the basal state in the absence of RAP with only 50 mM having a significant effect. There was no consistent effect of the CGP inhibitor on Renilla luciferase expression except at the highest concentration (50 mM) in RAP-treated cells where expression was reduced to 50% of control.
The ability of CGP to inhibit myc IRES activity in RAP-challenged cells is associated with curtailed myc protein expression. As shown in Figure 3d , RAP, used alone, has little effect on c-myc expression presumably because of the stimulation of IRES-mediated capindependent translation. In addition, the CGP inhibitor, used by itself, has only a minimal effect. However, inhibiting MNK activity with CGP during RAP exposure significantly prevents myc protein expression. As shown in Figure 3e , the CGP-induced inhibition of protein expression is not associated with an inhibition of myc RNA. These results indicate that MNK activity in RAP-treated MM cells has a role in the upregulated myc IRES activity observed and helps maintain myc expression through posttranscriptional activity.
Effects of MNK silencing on myc IRES activity The above data with the CGP inhibitor suggested a role for MNK1 activation in the RAP-induced upregulation of myc IRES activity.
However, as there may be non-specific effects of the inhibitor, we knocked down MNK1 by shRNA transfection of MM cells. In ANBL-6 MM cells, we targeted two separate sequences of MNK1 (shRNA 1 --1 and 1 --4). As shown in Figure 4a , knockdown of MNK1 was much more successful with shRNA 1 --4 than with 1 --1. In addition, the knockdown was relatively specific for MNK1 as MNK2 RNA and protein levels were only minimally affected.
These cell lines were then tested in the myc IRES reporter assay by transiently transfecting either pRF or pRmF reporter plasmids, followed by treatment with or without RAP and assessment of luciferase expression. In control cells transfected with shRNA targeting scrambled sequence, exposure to RAP induced a 1.8 Â fold increase in IRES activity (FF luciferase expression, black bars in Figure 4b ). In both MNK1 knockout cell lines, the basal IRES activity was modestly but significantly decreased and the RAP-induced upregulation was blunted. The 1 --4 MNK knockout line was more inhibited in its IRES activity. The inhibition of IRES activity in the basal state by the MNK knockouts was comparable to inhibition of activity induced by RAP. However, in a second MM cell lines, U266, the RAP-induced IRES response was more inhibited than the basal response (Supplementary Figure 1) . In that cell line, we only targeted one sequence of MNK1with shRNA and obtained a successful knockdown. In control U266 cells (transfected with shRNA against scrambled sequence), RAP increased IRES activity 4 Â fold (FF luciferase expression, black bars). In contrast, the RAPinduced increase in IRES activity was significantly curtailed in the MNK1 knocked-out U266 cell line (only 1.8 Â fold increase).
In a third MM cell line, OPM-2, a slightly different pattern of IRES responses occurred (Supplementary Figure 2) . Although RAP was capable of inducing ERK, MNK and eIF-4E phosphorylation ( Supplementary Figure 2A) , it did not significantly enhance IRES activity (Supplementary Figure 2C) when used at 20 nM. We have previously demonstrated 24 how heightened AKT activity prevents a RAP-induced IRES response because of phosphorylation and inactivation of the myc IRES ITAF, hnRNP A1. This is the likely explanation for the OPM-2 results as this cell line expressed heightened AKT activation due to its PTEN null state. 4 Nevertheless, the MNK inhibitor CGP, used at 20 mM, significantly inhibited eIF-4E phosphorylation (Supplementary Figure 2B) and myc IRES activity (Supplementary Figure 2C) in OPM-2 cells in the presence or absence of RAP. These data in U266 as well as OPM-2 cells demonstrate MNK-dependent IRES activity is a generalized finding in MM cells and not singular to ANBL-6 cells.
Further support for a role for MNK kinases in myc IRES activity comes from experiments with MNK-null murine embryonic fibroblasts (MEFs). These cell lines have been previously used 10 to demonstrate a RAP-induced activation of MNK activity. Figure 3) . Conversely, immunoprecipitated MNK2 has kinase activity when obtained from WT or MNK1 knockout (1KO) cell lines but not from 2KO or double knockout cells (Supplementary Figure 3) . Figure 4d also demonstrates the ability of RAP to increase MNK1 phosphorylation in WT MEFs, which was ablated in the MNK1 null cells. The cell lines were then transiently transfected with the pRF or pRmF reporter constructs, treated with or without RAP and luciferase expression evaluated (Figure 4e) . In WT MEFs, there is very minimal myc IRES activity in the basal state but activity (i.e., FF luciferase expression, black bars) increases 3 Â fold following exposure to RAP. There was no increase in Renilla expression seen in RAP-treated cells. A significant RAP-induced increase in FF expression was likewise seen in both MNK1 and MNK2 knockout MEFs. However, this response was ablated in the double knockout cell line (DKO). Thus, in genetically knocked out MEFs, the RAP IRES response can be supported by either MNK1 or MNK2 but the response is lost when both MNKs are absent.
To explain why the MNK1 KO MEFs were not inhibited in RAP induction of myc IRES activity, we considered the possibility that, in these cells, RAP could activate MNK2, which might facilitate IRES activity. We, thus, treated each of the MEF cell lines with and without RAP and tested MNK2 phosphorylation. As shown in Figure 4f , RAP was capable of robust MNK2 phosphorylation in MNK1 knocked out MEFs although no activation was seen in WT MEFs. These data suggest that, in genetically knocked out MEFs, MNK2 can become activated by RAP if MNK1 is absent.
To confirm the specificity of effects of MNK silencing in MEFs, we stably reexpressed either FLAG-tagged MNK1, MNK2 or both MNK1/MNK2 in the double knockout MEF cell line. In Supplementary Figure 4A , a western blot demonstrates expression of the transgenes (top panel) with a corresponding rescuing of eIF-4E phosphorylation, confirming kinase activity of the reexpressed proteins. These cell lines were then transiently transfected with pRF and pRmF reporter plasmids, treated ± RAP and reporter expression assayed. As shown in Supplementary Figure 4B , reexpression of either MNK1, MNK2 or both MNK1/MNK2, rescued the ability of RAP to significantly enhance myc IRES activity (FF luciferase expression), thus confirming that its is the loss of MNK1/MNK2 in the DKO MEFs that prevents the IRES response.
Effects of MNK inhibition on cellular responses to RAP To test if paralysis of MNK1 affected cellular growth responses to RAP, the ANBL-6 MM cell line was treated for 48 or 72 h with the CGP MNK inhibitor (25 mM), RAP (100 nM) or the combination of both drugs. ANBL-6 cells were resistant to RAP used alone as shown in Figure 5a . Furthermore, MNK inhibition with CGP used alone had no significant effect on MM cell recovery as well. However, a significant cytoreduction was present when CGP was added to RAP. Relative resistance to RAP, which was reversed by CGP, was also seen in U266 MM cells (Figure 5b) .
Further confirmation of a role for MNK1 in MM cell RAP responses was obtained by using the two ANBL-6 MNK1 knockout transfectants, 1 --1 and 1 --4. Their growth over 120 h in the absence of RAP (black circles, Figure 5c ) is comparable to control cells transfected with scrambled sequence. However, the MNK1 knocked-out cell lines are considerably more sensitive to RAP (open squares) as shown in Figure 5c . RAP has no effect on cell growth in control cells but is effective in preventing growth in MNK1 knocked-out cell lines. These data support the notion that the activation of MNK1 in RAP-treated cells serves as a protective factor.
To test if MNKs had a role in RAP responses in primary MM cells, we first tested for induction of MNK phosphorylation. As shown in Figure 6a , western blot analysis demonstrated a RAP-induction of MNK phosphorylation in four primary MM specimens, although the degree of induction was variable. In two MM specimens, we were fortunate to harvest sufficient numbers of purified MM cells for further study. One sample was exposed to RAP (100 nM) ± the CGP MNK inhibitor at 25 or 50 mM. As shown in Figure 6b , both concentrations of CGP successfully prevented MNK activity, shown by abrogated eIF-4E phosphorylation. This specimen is relatively resistant to RAP used alone in terms of c-myc downregulation, similar to ANBL-6 MM cell line. However, CGP can inhibit myc expression in the presence or absence of RAP although myc downregulation is considerably more effective in the presence of RAP. The combination of CGP and RAP is also more effective at preventing survival of primary MM cells (Figure 6c) . After 48 h of culture, RAP used at 100 nM or CGP at 50 mM, have no significant effect. However, concurrent exposure to both agents significantly inhibited viable recovery of primary cells.
DISCUSSION
Our previous work has documented the regulatory influence of IRES-dependent, cap-independent translation upon tumor responses to mTOR inhibitors.
5 TORC1 inhibition, induced by rapalogs, primarily results in restrained cap-dependent translation of cell-cycle proteins like c-myc and D-cyclins with attendant G1 arrest. As the only remaining mechanism for myc/cyclin translation in rapalog-treated cells, IRES activity can determine whether overall myc/cyclin levels are maintained or significantly depressed. The results of the current study demonstrate that MNK kinase activity is a key regulator of RAP-induced IRES activity. MNK activity was enhanced by exposure to RAP in conjunction with myc IRES function and downregulation of MNK activity with the CGP inhibitor or by MNK knockdown, prevented IRES stimulation and sensitized to RAP cytoreduction.
The MAPK-dependence of RAP-induced MNK phosphorylation mirrors the MAPK-dependence of myc IRES activity. Activation of the p38 MAPK cascade during apoptosis 8 or genotoxic stress 7 is necessary for the stimulation of IRES function. The ERK MAPK pathway also participates in upregulated IRES function during genotoxic stress. 7 In some RAP-treated MEF cell lines, both MAPK pathways are involved in enhanced myc IRES activity. 5 The identification of a role for MNK kinases in IRES activity could explain the involvement of the MAPK cascades. It is likely that which MAPK cascade mediates IRES stimulation is cell line and stimulus dependent. It is also likely that MNK kinases stimulate
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T IRES activity directly or indirectly via phosphomodulation of one or more ITAFs that are critical for the myc IRES. Alternatively, MNK activity may lead to changes in ITAF expression. Candidate ITAFs include hnRNP A1, which can be phosphorylated by MNK kinases 12 or PCBP1, whose expression is dependent on p38 activity, at least in neuronal cells. 25 Both hnRNP A1 and PCBP1 are required for myc IRES activity. 24, 26 In myeloma cells, RAP primarily stimulated MNK1 activity and MNK1 knockdown curtailed upregulated IRES function. However, significant RAP-mediated stimulation still occurred (Figure 4b ). As loss of MNK1 function can be compensated for by MNK2, it is possible that, in MNK1 shRNA-silenced MM cells, RAP could stimulate MNK2 activity with resulting maintenance of some IRES activity. This notion is supported by the results of the IRES reporter assay in MNK-null MEFs. Whereas RAP stimulated MNK1 in these MEFs, loss of MNK1 did not affect RAP-stimulated IRES activity, although double MNK1/MNK2 knockout MEFS had abrogated activity. The ability of RAP to induce MNK2 phosphorylation specifically in MNK-1 knocked out MEFs is consistent with MNK2 compensation for the MNK1-null state.
Myc IRES activity is specifically enhanced in MM cells. 20, 21 IRES activity could be particularly important in this tumor model because continuing ER stress, because of heightened Ig synthesis, restrains mTOR-mediated cap-dependent translation. A recent finding 27 of MM-specific overexpression of DEPTOR, an mTOR inhibitor, is consistent with this idea. Heightened MM IRES activity could also be one reason for ineffectiveness of rapalogs in MM patients. 28 Although our ANBL-6 MM cell line and primary specimen were resistant to RAP-induced growth inhibition, concurrent paralysis of MNKs with CGP or shRNA knockdown allowed for significant cytoreduction. In contrast, there was minimal effect of MNK inhibition on MM cells not challenged with RAP. These results suggest that MNK activity may be less critical for IRES function in the basal state, at least for these myeloma cell types. However, in other MM clones, constitutive MAPK signaling, due to MM growth factor stimulation 29 or RAS mutation 30 could result in upregulated MNK activity and myc IRES function. Nevertheless, these results suggest MNK kinases could be potential therapeutic targets in MM patients.
MATERIALS AND METHODS
Cell lines, reagents, plasmids and transfections
The MM cell lines were obtained from ATCC. The MEF cell lines have been previously described. 10, 15 The pRF construct was a kind gift of Dr A Willis (University of Leicester). The myc IRES was cloned into pRF as previously described 5 to obtain pRmF. The plko.1 lentiviral vectors targeting MNK1 were purchased from Sigma-Aldrich (St Louis, MO, USA). shRNA 1 --1 has the ID# TRCW0000006232 and shRNA 1 --4 has TRC0000199013. Virus particles expressing these shRNAs were produced and titers determined by the UCLA viral vector core. Lentiviral infection of MM cells was performed as previously described. 31 After infection, clones were selected in puromycin. RAP and CGP57380 were purchased from Calbiochem (La Jolla, CA, USA). All antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA), including the anti-phospho-MNK antibody.
Primary myeloma specimens
Primary MM cells were purified from bone marrow of patients by negative selection as described 31 using the RosettesSep antibody cocktail method (Stem Cell Technologies, Vancouver, Canada). The purity by microscopy and CD138 flow analysis was 499% plasma cells.
Evaluation of protein and RNA expression
Western blot was performed as described. 31 Real-time PCR for myc RNA and GAPDH RNA was performed as described. 23 All real-time PCR samples were run in triplicate.
MNK in vitro kinase assay The MNK kinase assay was carried out as described 32 with modifications. Cells were lysed with ice-cold cell lysis buffer (20 mM Tris--HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na 3 VO 4 , 1mg/ml leupeptin and 1 mM PMSF). Direct covalent attachment of MNK1 (Santa Cruz, Santa Cruz, CA, USA, #sc-133107) and MNK2 (Sigma-Aldrich, #M0696) antibodies to the agarose beads were performed with Pierce Direct IP Kit according to the manufacture's protocol (Thermo Fisher Scientific, Pittsburgh, PA, USA, #26468). Labeled beads were washed three times with kinase buffer (20 mM HEPES, 10 mM MgCl 2 , 10mM sodium betaglycerophosphate, pH 7.4) before 1 mg purified GST fusion eIF-4E protein (purchased from BPS Bioscience, San Diego, CA, USA, #40530) was added. Reaction mixtures were incubated at 30 1C for 30 min in the presence of 25 mM ATP. After SDS --PAGE, phosphorylated eIF-4E proteins were detected on western blots to assay MNKs activity.
Myc IRES activity
The dicistronic pRF or pRmF reporter constructs were transfected into cell lines using Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA) and normalized for transfection efficiency by cotransfection with pSVbGal (Promega, Madison, WI, USA). Transfection efficiency was generally 5 --10%. A transfection efficiency of at least 5% was required for carrying out a dicistronic reporter assay. After 12 --14 h, cells were treated and were then harvested, followed by detection of Renilla luciferase, FF luciferase and beta-galactosidase activities as previously described. 5 All luciferase activity is normalized to the luciferase values (both Renilla and FF) obtained for pRF in the absence of any treatment, which is designated as a value of '1'.
Cell survival assays and statistics
Quantitative increases in protein phosphorylation on western blots were evaluated by densitometric analysis of ratio of phosphorylated-protein/ total-protein signal of treated MM cells. All western blots were repeated three times and the mean fold increase (n ¼ 3) in drug-treated groups versus non-treated cells is shown under the gels in the figures. The t-test was used to determine significance of differences between groups. The viable recovery data shown in Figures 5 and 6 are means. Percent viable recovery is determined by enumeration of trypan blue-negative viable cells with comparison to that of cells not exposed to any drugs.
